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Ionization Effects

- v Coupling eff magnetic field
» Chemistry

+ Magnetic braking in protostellar phase

¢ | ocation-of:dead zones for MRI

+» LLocation of:ice-lines (for varying species)
¢ Chemical make-up vs radial position

+ Affects both star and planet formation




Ionization Sources

< Cosm S (CRS)

¢ SNOrEIIVEUNAUIOaGCUVENUGIE] (oSLRs)"""
+ X-ray, EUV, FUViradiation from star

¢+ X-ray, EUV; FUV radiation frem:cluster
+ Collisions (in dense regions)

**FUV can ionize molecules (not hydrogen)




Ionization: State of the Art

- e CosmIaySHGHS)
USEfCanOnICAINSVINGLE
+ Short-lived radioactive nuclein(SLRS)
use values for early solarnebula“(or none)
+ X-ray, EUV, FUV radiation from star
included to good approximation

1 Y -
c=10"sec”'|

» X-ray, EUV, EUV. radiation from cluster
generally NOT included
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—CCRAT -gmsuL mm]rulng R UIENGE!
» GRYenhar IGEMENHMNNTNOIECE Eir @lojifels
* Enrlchment ofishort-lived radionuclides

+ Radiation backgrounds from clusters
* CR suppression by [-Tauriospheres

+ Observational'sighatures and physical
implications of varying ionization rates




Effects of Turbulence on
Cosmic Ray Propagation
in Young Stellar Objects
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Hour-Glass Field Shape
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Four different
Ifield lines with
varying levels
of turbulence




Three Particle Trajectories
(w. different initial angles)

cosa, =0.99 (left)

cosa, =0.99 (center)

cosa, =0.995 (right)

sin” a

P = const

Mirroring and
Funneling effects
tend to cancel out

T



Effect of Turbulence

n=0,0.1,1,10

Kolmogorov, I'=5/3




Distributions of Mirror Radii

y =100, cosa, =0.99 =const, n=1 and 10
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CR Flux Enhancement
from Supernovae in

. S Molecular Clouds




Cosmic Ray Flux Variations
Y ml@mﬁ:zawfw ratereontrolstdifrusion rate]

+ SN often assouated W. molecular clouds
+ Cosmic rays injected into the clouds

+ Molecular clouds have magnetic fields
+ Cosmic rays must diffuse to get out

Cosmic ray flux can be enhanced in clouds
compared to standard galactic value



Magnitude of the Effect:
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enhanced by iactore 1000 (atmos

+ Enhancement can be sustained over a
Time Scale of few Myr

+ Time Scale for Ambipolar Diffusion is
increased by factor of 30

+ Cosmic Ray Flux, Ambipolar Diffusion
Rate, and Ionization rates will all vary
with location and with time




Radiation Fields Provided
. | by Background Cluster
|Environments: UV & X-ray




Composite Distribution of FUV Flux

FUV Flux depends on:
- Cluster FUV luminosity

- Location of disk within
cluster

Assume:

- FUV point source at
center of cluster

- Stellar density p ~ 1/r

G, Distribution
Median 900

Peak 1800
Mean 16,500

G, = 1 corresponds to FUV flux
1.6 x 103 erg s’ cm2

AdamssenalsZUV APy,




C@Jﬂﬂ@@ﬁjte Distribution of EUV Flux
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Peak value :
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comparable to
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Composite Distribution of X-ray Flux

With NO dilution,
Stellar X-ray flux
Fx = 0.04 (cgs)
| dominates bkgrd

| If dilution included,
Bkgrd >> stellar
(@30AU)
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Distributions of SLRs
| Provided by Supernovae in}

Young Embedded Clusters




Nuclear Yields from Supernovae

st AN ¥

blue — Woosley+Weaver
red — Limongi+Chieffi
squares — 26Al

circles — 60Fe




Nuclear Yields per Cluster:
Distributions for 26Al and 60 Fe

N =1000, 3000, and 10,000
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Effect of Stellar IMF
on the Distributions |

y=1.75 (dotted)
y=1.50 (solid)
y=1.25 (dashed)
black < “Fe

red < *° Al

Yc/N (uM m)




Comparison of WW and LC Models

black = WW yields -
red < LC yields
dashed < “Fe

solid < *°Al
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Analytic Form for Distribution of
Nuclear Mass Delivered to Systems
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dP —
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Y=M,X where <Y>C y R
JU

Yy>1 = dP=C Y °"% (power — law!)

dY




26Al Delivered to Solar Systems

| solid < numerical sampling

dashed < analytic form
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Mass Scale Summary

' Yie

L9(pS Sligisrnioyz [ORIMPOrtant

10-- 100 mICrosu

* Yields per star (averaged over steIIar IMF)
fraction of a microsun

* Yie
mil
* Yie

ds per cluster (for N = thouands):
ISUNS

ds delivered to solar system disks fall in

the range 1 — 100 picosuns
* Our Solar System received 100 picosuns




SLR Midplane Ionization Rate




Protoplanetary Disks:
. |Observational Signatures
resulting from Different
Ionization Scenarios




- Chemical Codes |
2R eisic pnaelsl] for enemisiry - .

Alisigleleinisiioy (0wl dn) i, Gelusseln) iy z:)--"

+ Use TWEHVatasitemplateforauVyXeray

+ 2D Monte Carlo radiative transfer code

+ 1000s of. chemical reactions in network

+ Coupling between gas'and dust

* Predict abundances v. position of.Key species
+ LIME 3D code to predict obs. signatures




Basic Disk Model

sas density dust density dust temperature
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Stellar UV

photons /ecm? /s /A
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Relative Contribution of UV,
- X-rays, CRs to Disk Ionization

a) Stellar Ultraviolet /:b) Stellar X-rays { ¢) Cosmic Rays
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THE HELIOSPHERE

Reduces CR flux inside the Solar System




THE T-TAURIOSPHERE

Reduces CR flux striking T Tauri Disks




Modulated Cosmic Ray Fluxes
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CR Ionization Rate vs Column
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Mid-plane Ionization Rates

10—15 — — ————— :
; —— Cosmic Rays at Solar Max (SSX)

= Dense ISM Cosmic Rays (W98) 1
Short-Lived Radionuclides
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Index for
Ionization Scenarios

Vi

— MO2 (7x10 %% s1) — TIX(3x10 2 s!)

W98 2x 107" s71) == SSX+SLR (~1x 107 s71)
SSX (2x107Y s7t) =—— TTX+SLR (~8x 107 s71)
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Include SLRS: Increase
[onization, Reduce Dead Zones
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Face-on Line-center Optical Depth

MO02: purple, W9S8: yellow, SSX: blue, and TTX: green




Schematic of
Simulated
Onservations
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Simulated ALMA Observations
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SUMMARY

fon rates vary significanty
. CR.mlrrOrln o Sniziniesel oy rotllsnes

+ CRS/fUrtherssuppressedibyalis aUrOSPhEres
+ CR fluxes can be enhanced by SUPErNOVAEe
¢ S| RS delivered to disks at picosun:level

+ Background radiation from clusters can

dominate in some systems

+ Effects of different ionization rates are now
observable with ALMA (and others)



Every Sea
_ has Its Dragons

+ How tormixiand matchlioniZation agents

+ Time dependence of:

X=rays, backgreunds

+ Dust settling affects SLR ionization

+ Dust formation affec

'S SLR capture

+ Geometry of "I Tauri winds
* Turbulent spectrum for magnetic fluct.




UNRESOLVED ISSUES

.,_.D4ea'c| ZONESHLUTIOT AV RIMCATHU
: ICe'"neg'(é"i“fGt--comp05|t|on
+ Heating due to;SIERS

* Dust settling
¢ Implication for planet formation
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